INTRODUCTION
This report, which describes ground water in the Verdigris River basin ( fig. 1 ), was prepared by the U.S. Geological Survey at the request of the U.S. Army Corps of Engineers, Tulsa District, for inclusion in the Corps' overall planning report on the water resources of the basin. The report is a compilation of available data from previous reports (see Selected Refer ences) and from the files of the U.S. Geological Survey and cooperating State agencies. The data generally were collected during water-resources investigations made by the U.S. Geological Survey in cooperation with various State and local agencies and with other Federal agencies. Few additional data were collected for this investigation.
The information contained herein consists primarily of maps showing areal geology, configuration of the potentiometric surface, saturated thickness of unconsolidated deposits, potential yield of wells, and location of selected wells within the basin. Also included is information about the current and projected use of ground water, the amount of ground water in storage, the chemical quality of the ground water, the geologic and hydrologic properties of rocks, and the cost of developing ground-water supplies in the individual counties.
In most places ground water is available in limited quantities, but it might be used temporarily on a small scale until some other source could be developed. The general lack of good quality ground water in the Verdigris River basin, therefore, precludes the development of largecapacity wells, and large-scale developments from this source for industrial, municipal, or irrigation uses are probably not feasible.
WELL-NUMBERING SYSTEM
In this report all wells are numbered according to the U.S. Bureau of Land Management system of land subdivision. In this numbering system, the first set of digits of a well number indicates the township; the second set, the range; and the third set, the section in which the well is located. Sections are subdivided into quarter section, quarter-quarter section, and quarter-quarter-quarter section. The quadrants are lettered a, b, c, and d in a counterclockwise direction beginning in the northeast quiarant. The first letter denotes the 160-acre tract; the second, the 40-acre tract; and the third, the 10-acre tract. In Wilson County, Kans., for example, the number 27S-16E-7cad indicates that the well is in the SEVIEI4SW14 sec.7, T.27 S., R.16 E. (fig. 2) . In Kansas the townships are numbered south from the north State boundary and the ranges are numbered east of the sixth principal meridian for the area discussed in this report. In Oklahoma the townships are numbered north from the Oklahoma base line and the ranges are numbered east of the Indian meridian. 
GEOLOGIC SETTING
The rocks that crop out or that are aquifers in the Verdigris River basin are grouped, for this report, in two general categories--consolidated and unconsolidated deposits. The consolidated deposits include the bedrock formations and consist mainly of shale, limestone, sandstone, siltstone, dolomite, and some gypsum. Small areas of igneous rocks (probably not older than Cretaceous) crop out in southern Woodson County, Kans., but are not water-bearing and are not discussed further in this report. The bedrock formations that crop out range in age from Mississippian to Permian. Pennsylvanian rocks crop out in the southern part of the basin and are overlain to the north and west by rocks of Permian age. The bedrock units generally dip gently westward. A series of northeast-trending normal faults occurs in the southeastern part of the basin.
The unconsolidated deposits, which include the younger surficial sediments, consist mainly of sand, gravel, silt, and clay of Quaternary age. The thickness of the unconsolidated deposits ranges from less than 10 feet in the heads of the tributary valleys to as much as 60 feet in the major stream valleys. Unconsolidated deposits overlie the bedrock formations in stream valleys and occur as terrace deposits adjacent to the stream valleys.
The principal geologic units in the Verdigris River basin are listed in table 1, and the areas of outcrop are shown on the geologic maps (pls. 1, 2). Additional information about the geologic units is given in the generalized sections for the individual counties.
GROUND WATER Aquifer Characteristics
The availability of ground water in an area depends primarily on the ability of the aquifers (rocks that will yield significant quantities of water to wells) underlying the area to store and transmit water.
The storage coefficient (S) of an aquifer is defined as the volume of water an aquifer releases from or takes into storage per unit surface area of the aquifer per unit change in head. The storage coefficient is a dimensionless number. The storage coefficient for the consolidated aquifers might be as large as 0.2 in areas of outcrop where the water is unconfined. Where the consolidated deposits contain water that is semiconfined or artesian, storage coefficients are assumed to range from 0.0001 to 0.005. The coefficient for the unconsolidated aquifers ranges from 0.01 to 0.2 and averages about 0.15. The lower storage coefficients of the unconsolidated deposits are related to the semiconfined water that occurs locally.
Transmissivity (T) is the rate at which water of the prevailing kinematic viscosity is transmitted through a unit width of aquifer under a unit hydraulic gradient. The units for transmissivity are square feet (sq ft) per day. The term "transmissivity" replaces the term "coefficient of transmissibility," which was formerly used by the U.S. Geological Survey Table 1 .--Generalized columnar section of geologic units for the Verdigris River basin, Kansas and Oklahoma. The stratigraphic nomenclature and correlations used were determined from several sources and may not necessarily follow usage of the U.S. Geological Survey.
and which was reported in the inconsistent units of gallons per day per foot. To convert a value for coefficient of transmissibility to the equivalent value of transmissivity, multiply by 0.134; to convert from transmissivity to coefficient of transmissibility, multiply by 7.48. The transmissivity of the consolidated aquifers is not known, but is believed less than 2,700 sq ft per day. The estimates of transmissivity of the unconsolidated aquifers are based on aquifer tests in other basins and range from 500 to 3,300 sq ft per day.
The hydraulic conductivity (K) of a water-bearing material is the volume of water of the prevailing kinematic viscosity that will move through a unit cross section of the material in unit time under a unit hydraulic gradient. The units for hydraulic conductivity are feet per day. The term "hydraulic conductivity" replaces the term "field coefficient of permeability," which was formerly used by the U.S. Geological Survey and which was reported in the inconsistent units of gallons per day per square foot. To convert a value for field coefficient of permeability to the equivalent value of hydraulic conductivity, multiply by 0.134; to convert from hydraulic conductivity to coefficient of permeability, multiply by 7.48. The hydraulic conductivity is equal to the transmissivity divided by the aquifer saturated thickness.
Availability
The yield of a well depends on the thickness and hydraulic conductivity of the water-bearing materials, the amount of penetration of these materials by the well, the diameter of the well, the efficiency of the well screen, the efficiency of the pump, and other factors. Because of the wide range in these factors, well yields cannot be predicted accurately. However, an estimate of yield is possible if the following assumptions are made: (1) sites for the wells are selected after proper test drilling, (2) wells are constructed to specifications used by successful drillers in the area, (3) properly designed pumping equipment is used, (4) the wells penetrate the entire thickness of the aquifer, and (5) hydraulic conductivity of the waterbearing materials is uniform. In practice, the hydraulic conductivity of the materials differs considerably owing to the heterogeneous distribution of the materials in the aquifer. Thus, a well screened in coarse gravel in an area where the saturated thickness is less than 10 feet may yield more water than a well screened in fine-grained material having a much greater saturated thickness.
Plates 3 and 4 show estimated well yields, which indicate the general availability of water to properly constructed wells. Sufficient saturated thickness of unconsolidated deposits to yield water to wells occurs only in the stream valleys or the adjacent terraces in the Verdigris River basin. Although yields to wells screened in these deposits have been reported to be 500 gpm (gallons per minute), or 1.11 cfs (cubic feet per second), the average yield is about 20 gpm (0.04 cfs).
In general, yields of less than 10 gpm (0.02 cfs) of good quality water are obtained from shallow wells in areas of outcrop of the consoli dated rocks. If the wells were drilled deeper to penetrate a larger thickness of aquifer, the well yield probably would be greater, but the water might be so highly mineralized that it would be unusable. Locally yields of 50 gpm (0.1 cfs) have been reported from wells penetrating the rocks of the Douglas Group in Kansas and the Boone Formation in Oklahoma. Although the yield shown on the maps for the outcrop areas of these rocks ranges from 10 to 100 gpm, the maximum yield is probably closer to 50 gpm.
Chemical Quality
Chemical analyses of water from selected wells are given in tables for each individual county. Except in the areas of outcrop, water from the consolidated aquifers is generally of poor chemical quality. In the areas of outcrop, the aquifers receive small amounts of fresh water from precipitation and the water from shallow wells is probably of good chemical quality, but the water from deeper wells may be of poor chemical quality. Little or no precipitation for several years may cause deterioration in chemical quality of the water from the shallow wells.
Water from the unconsolidated deposits is generally of good chemical quality for irrigation and of fair chemical quality for most other uses. Some municipalities may use the water without treatment (other than chlorination), but the water from the alluvium generally is very hard.
Extent of Development

Annual Withdrawals
In 1968 about 4,200 acre-feet of ground water was withdrawn for all uses in the Verdigris River basin, most of which was from the unconsolidated aquifers. About 800 acre-feet of ground water and 5,000 acre-feet of surface water were pumped for irrigation of 5,300 acres of cropland.
Water-Level Changes
The changes in water level in the Verdigris River basin are not shown by hydrographs, as no data are available for construction of the hydrographs. However, the changes in water level in the outcrop areas of the consolidated aquifers and in the alluvial aquifers should be similar to those presented for the Grand (Neosho) River basin (a companion report).
Potential for Development
Ground-Water Storage
The total amount of ground water in storage in the consolidated-rock aquifers in the Verdigris River basin is probably as large or larger than that shown for the unconsolidated aquifers, but the amount was not estimated for this report.
The amount of ground water stored in unconsolidated aquifers in the basin is about 1 million acre-feet, which was estimated by multiplying the volume of saturated unconsolidated deposits in the basin by a storage coefficient of 0.15 (or 0.20 in some areas of Oklahoma). However, this volume of water does not represent the amount that can be pumped; drilling enough wells to drain all the water from the aquifer is not economically feasible. As water levels are lowered by pumping, the saturated thickness decreases, well yields decrease, and pumping lifts increase; thus, pumping becomes impractical or uneconomical for most users before the aquifer is completely dewatered. Probably less than 50 percent of the water in storage is economically recoverable.
Annual Recharge
The unconsolidated aquifers are recharged at a rate of about 166,000 acre-feet annually. This figure is the sum of estimates given on the second part of the individual county discussions. Recharge to the consolidated aquifers was not estimated.
Projected Development
Small well fields might be developed almost anywhere in areas of outcrop of consolidated aquifers; the wells would obtain water from sandstone, sandy shale, or solution channels in limestone and dolomite. Because of the low hydraulic conductivity of most of these rocks and the generally poor chemical quality of the water, the consolidated aquifers have not been and probably will not be extensively developed throughout most of the area. However, water considered to be of poor chemical quality today might be desirable for supplies to the demineralizing plants of the future.
The unconsolidated aquifers have not been extensively developed in the area, mainly because surface water is generally available and commonly of better chemical quality. Small well fields, capable of producing as much as 200,000 gallons per day, generally can be developed in the alluvial valleys, but, owing to the thin aquifers and low storage capabilities, yields may be less during a year of drought. As much as 2,000 acre-feet of ground water and 12,000 acre-feet of surface water may be pumped to irrigate 12,000 acres of cropland by the year 2000.
The withdrawals of ground water from the alluvial valleys could be increased considerably at a cost of installing large numbers of low yielding wells and connecting pipe lines. If this were done, the unconsoli dated aquifers would be seriously depleted in the areas of the wells and flows would be reduced in the nearby streams. However, recharge is quite rapid in the stream valleys and the aquifers probably would be refilled during the first period of adequate rainfall.
The extent and rate of withdrawals of ground water eventually will become a management decision. A digital-computer or electrical analog model to estimate the effects of withdrawals on ground-water levels and on streamflow would aid in making these decisions and should be planned for future projects. Although models are available on a limited basis, a model study was beyond the scope of this project.
GROUND WATER BY COUNTIES
Sources of Data and Methods of Estimation
The first part of each county discussion contains a generalized columnar section of the geologic formations that are in the subsurface or are shown on plates 1 and 2, and estimates of the water-bearing properties of the formations. The information given is from existing ground-water reports for the county described or is estimated from information from reports for adjacent counties, and from information in the files. Estimates of yields to wells are based on information given in existing county reports, on maps by Bayne and Ward (1967) and Schoff (1955) , and on data in the files of the Oklahoma Water Resources Board. The ranges of yield shown are generalized from very limited data and the reader is cautioned that the upper limit of the ranges shown may not be available at any given site. The values for hydraulic conductivities are based on aquifer tests or are estimates by the authors.
The comments about chemical quality of water shown in the remarks column of the generalized section were compiled from previous reports or from information in the files. In general, the chemical quality of water for municipal and domestic use was described as good if the water contained concentrations of less than 500 mg/1 (milligrams per liter) dissolved solids or less than 250 mg/1 chloride and sulfate, fair if it contained between 500 and 1,000 mg/i dissolved solids or between 250 and 500 mg/1 chloride and sulfate, and poor if it contained more than 1,000 mg/1 dissolved solids or more than 500 mg/1 chloride and sulfate. The statements about chemical quality given in this report are the opinions of the authors based on information in the files and in previous reports; as these opinions may have been formed on information other than actual measurements, the degree of conformance to the above limits is unknown. The estimated cost per 1,000 gallons of water from a well field capable of producing a minimum of 1 million gallons per day includes the following: cost of construction of one or more wells allocated on the basis that largecapacity wells are used one-fourth of the year, cost of pumping equipment connected to the power and water lines at the well site, interest cost at 6% percent for a period of 25 years, and cost of power for pumping. The estimated cost does not include the cost of water lines from the well field to the consumer or the cost of electrical power lines to the pumps. The cost data in this report are principally for municipal systems. The cost per 1,000 gallons for an irrigation system may be one-third to two-thirds that shown in this report.
In some counties the only source of ground water is the thin alluvial aquifers in the valleys or the upper parts of the consolidated aquifers. One or more low-yielding wells may produce sufficient water from these aqui fers for small communities, but a well field capable of producing 1 million gallons per day may not be economically feasible, owing to the number of wells required and the necessarily large distance between wells to reduce inter ference. In these counties, the cost estimate for producing 1 million gal lons per day is omitted or restated for 100,000 gallons per day. Plates 1 and 2 are geologic maps showing potentiometric contours; the maps were modified from existing State Geological Survey of Kansas reports, and State geologic maps. Where no previous report showed potentiometric contours, the contours were inferred from reported water levels and from points where land-surface contours crossed perennial streams. Few additional data were collected for this report; therefore, most of the potentiometric contours represent data collected during a period of about 20 years. In general the potentiometric contours were mapped as water-table contours in the previous reports. However, the authors of this report are of the opinion that water in parts of the area is semiconfined, and the term "potentiometric contour" is more appropriate.
Plates 3 and 4 are maps showing generalized potential well yield, saturated thickness of unconsolidated deposits, and location of selected wells. The data for the map showing yield and saturated thickness were modified from the same sources as those used to estimate the water in storage. In some areas shown as unconsolidated deposits on the geologic maps, the saturated thickness is not known or is less than the interval shown in the explanation. These areas are outlined by zero-saturated-thickness lines on the saturated thickness maps. In areas where the saturated thickness of unconsolidated deposits is small for the well yields shown, the yields are from one or more consolidated aquifers or from both consolidated and uncon solidated aquifers. The ranges of yield shown are generalized from very limited data and the reader is cautioned that the maximum yields of the ranges shown may not be available at any given site. The locations and number of wells on the Kansas county maps were obtained from reports of previous ground-water studies, from applications for water rights as shown by the Kansas Water Resources Board (1967), from the files of the Oklahoma Water Resources Board, and from the files of the U.S. Geological Survey. None of the locations were field checked; therefore, some duplication can be expected from the several sources of information. Also, a number of the applications are never completed (the wells are never drilled); consequently, more wells may be shown than actually existed in 1966. The irrigated area in 1968 was 750 acres and 750 acre-feet of surface water was applied. One hundred acre-feet of ground water was pumped for municipal use. The irrigated area in year 2000 may be 1,100 acres. The unconsolidated deposits receive about 10,000 acre-feet of recharge annually, and 20,000 acre-feet of water is in storage. The depth to water generally is less than 20 feet in the major stream valleys and ranges from 0 to 100 feet in the uplands. The estimated cost of water from a well field capable of producing 100,000 gallons per day from the alluvium is $0.15 per 1,000 gallons. Upper Pennsylvan ian None of the area was irrigated in 1968 and no ground water was pumped for municipal or industrial supply. The irrigated area in year 2000 may be 600 acres. The unconsolidated deposits receive about 10,000 acre-feet of recharge annually, and 15,000 acrefeet of water is in storage. The depth to water is generally less than 20 feet in the major stream valleys and ranges from flowing or above land surface to 120 feet in the uplands. The estimated cost of water from a well field capable of producing 100,000 gallons per day from the alluvium is $0.20 per 1,000 gallons. The irrigated area in 1968 was 600 acres and 350 acre-feet of surface water was applied. One hundred and ten acre-feet of ground water was pumped for municipal supply. The irrigated area in year 2000 may be 1,200 acres. The unconsolidated deposits receive about 10,000 acre-feet of recharge annually, and 50,000 acre-feet of water is in storage. The depth to water generally is less than 20 feet in the major stream valleys and ranges from 10 to 100 feet in the uplands. The estimated cost of water from a well field capable of producing 100,000 gallons per day from the alluvium is $0.20 per 1,000 gallons. The irrigated area in 1968 was 340 acres and 340 acre-feet of surface water was applied. No ground water was pumped for irri gation, municipal, or industrial supply. The irrigated area in year 2000 may be about 800 acres. The unconsolidated deposits receive about 20,000 acre-feet of recharge annually, and 120,000 acre-feet of water is in storage. The depth to water is gener ally less than 20 feet in the major stream valleys and ranges from 2 to 100 feet in the uplands. The estimated cost of water from a well field capable of producing 100,000 gallons per day from the allLvium is $0.20 per 1,000 gallons. The irrigated area in 1968 was 520 acres and 500 acre-feet of surface water was applied. No ground water was pumped for irri gation, municipal, or industrial supply. The irrigated area in year 2000 may be about 1,500 acres. The unconsolidated deposits receive about 20,000 acre-feet of recharge annually, and 125,000 acre-feet of water is in storage. The depth to water generally is less than 20 feet in the major stream valleys and ranges from 2 to 50 feet in the uplands. The estimated cost of water from a well field capable of producing 100,000 gallons per day from the alluvium is $0.30 per 1,000 gallons. 
U t 1 5 Pennsylvanian
No ground water was pumped in the Verdigris River basin for irrigation, municipal, or industrial supply. The irrigated area in year 2000 may be 100 acres. The unconsolidated deposits receive about 3,000 acre-feet of recharge annually, and 10,000 acre-feet of water is in storage, most of which is in the Grand River basin. The depth to water is generally less than 20 feet in the major stream valleys and ranges from 5 to 85 feet in the uplands. The estimated cost of water from a well field capable of pro ducing 1 million gallons per day from the alluvium is $0.30 per 1,000 gallons. 
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Brown fine to medium grained crossbedded bituminous sandstone occurring as channel fill. None of the area was irrigated in 1969 and no ground water was pumped for municipal or industrial supply. The irrigated area in year 2000 probably will be negligible. The unconsolidated deposits, outside the inundated areas, receive about 2,000 acre-feet of recharge annually and a negligible amount of water is in storage. However, 2.2 million acre-feet of water is stored in the Mississippian aquifers and 1.8 million acre-feet is stored in the Ordovician aquifers. The depth to water ranges from less than 20 feet in the major stream valleys to 300 feet in the uplands. The estimated cost of water from a well field capable of pro ducing 1 million gallons per day from the Boone Formation is $0.10 per 1,000 gallons, and from the Rqubidoux Formation is $0.12 per 1,000 gallons. Typical depth intervals for the consolidated rocks in T.28 N., R.20 E., are as follows: Pennsylvanian from land surface to 400 feet, Mississippian and Devonian from 400 to 750 feet, and Ordovician from 750 to more than 800 feet. Water in the deeper aqui fers generally is confined. Most of the above information is for the Grand (Neosho) River basin. 
380
Limestone and shale interbedded.
.
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Predominately shale with some thin limestone and lenticular sandstone. --Water generally of poor chemical5 quality.
--Water generally of poor chemical quality.
--Water generally of poor chemical5 quality.
Water generally of poor --chemical5 quality.
Pennsylvan ian5 Permian The irrigated area in 1969 was 300 acres and a total of 200 acre-feet of water was applied. Most of this total was ground water. An additional 400 acre-feet of ground water was pumped for municipal, industrial, and other supplies. The irrigated area in year 2000 may be 400 acres. The unconsolidated deposits in the drainage of the Verdigris River receive about 25,000 acre-feet of re charge annually, and 200,000 acre-feet of water is in storage. The depth to water ranges from less than 20 feet in the major stream valleys to 250 feet in the uplands. The estimated cost of water from a well field capable of producing 1 million gallons per day is $0.018 per 1,000 gallons. The irrigated area in 1969 was 1,000 acres and 1,300 acre-feet of surface water was applied. About 4 acre-feet of ground water was pumped for industrial supply. The irrigated area in year 2000 may be 1,000 acres. The unconsolidated deposits, outside inundated areas, receive about 15,000 acre-feet of recharge annually, and 25,000 acre-feet of water is in storage. The depth to water ranges from less than 20 feet in the major stream valleys to 100 feet in the uplands. The estimated cost of water from a well field capable of producing 100,000 gallons per day from the alluvium is $0.20 per 1,000 gallons. The irrigated area in 1969 in the Verdigris basin was 100 acres and a total of 70 acre-feet of water was applied. Of this total, 10 acre-feet was ground water. No ground water was pumped for municipal or industrial supply. The irrigated area in year 2000 may be about 1,000 acres. The unconsolidated deposits in the drainage of the Verdigris River receive about 30,000 acre-feet of recharge annually and 240,000 acre-feet of water is in storage in the basin. The depth to water ranges from less than 20 feet in the major stream valleys to 100 feet in the uplands. The estimated cost of water from a well field capable of producing 1 mil lion gallons per day from the unconsolidated deposits is $0.010 per 1,000 gallons.
Chemical analyses of water from selected wells. Dissolved constituents and hardness in milligrams per liter. 
